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DETERMINATION OF DELAMINATIONS IN ADHESIVELY 
BONDED LAYERS UNDER COMPRESSION 
ABSTRACT 
N. K. Batra and H. H. Chaskelis 
Naval Research Laboratory 
Washington, DC 20375-5000 
To determine the presence of delaminations in adhesively bonded layers bv ultrasonic 
methods, the changes which occur in the propagating ultrasonic energy must be uniquely attri-
butable to the delamination effects. Determination of absolute attenuation and its variation in 
each adherend layer is prerequisite. In addition, the distinction between adhesively bonded 
interfaces from those just in physical contact must be established. In this paper, we describe a 
systematic study of the effect of compression on bonded and unbonded areas on ultrasonic 
attenuation. The results of the simulation experiment are used to interpret digital images of 
adhesively bonded polyethylene-rubber-steel piston inserts. 
INTRODUCTION 
Many structural components are adhesively bonded laminates of materials with different 
mechanical and physical properties. Adhesive bonding eliminates the stress concentration at the 
site of mechanical fasteners, and also provides a component whose properties are hybrid of all 
the laminates. However, one major concern in the usage of such adhesively bonded multilay-
ered structures is the integrity of the bond. Propagation of elastic waves in discretely layered 
media has been treated analytically [I] and is well understood. In this paper we study the pro-
pagation of ultrasonic waves through adhesively bonded multilayered structural components to 
inspect the integrity of the bond. 
One of the generic problems faced in the inspection of adhesively bonded multilayered 
structures is the situation whereby the adherends are in apparent mechanical contact but have no 
adhesion. Under compression, this delamination gap may reduce, giving erroneous results. 
From a structural integrity point of view, lack of adhesion implies lack of shear strength. 
In this paper we are concerned about determination of delaminations of a rubber laminate 
at the adhesively bonded interfaces between rubber-polyethylene and rubber-steel. Some of 
these structures are cylindrical rings. Reflection from a thin adhesive layer between the lam-
inates is dominated by laminate-adhesive impedance discontinuity. However, there is a problem 
of resolution of the reflected signal. It is difficult to resolve echoes from top and bottom of the 
adhesive layer and to process them as individual time displays of the signal. Although the 
Fourier transform of reflected echoes [2] may overcome the resolution problem, it requires very 
high bandwidth for thin gaps. The technique is neither convenient and/nor efficient for charac-
terizing large number of components, each of which consists of mUltiply adhesively bonded 
laminates. For our purposes, it is immaterial whether the debond occurred at the inner or outer 
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surface of the bonded sandwich. Therefore the transmission method was found to be a con-
venient, efficient and reliable technique for the problem at hand. Digital images (assuming uni-
form material properties of individual layers) of transmitted signal depict clearly bond thickness 
variations, delaminations etc. 
THEORY 
For analytical purposes, we regard our adhesively bonded three component laminate to be 
comprised of seven layers as shown in Fig. 1. The outer two layers of water are used for cou-
pling the transmitted and received ultrasonic energies to and from the structure to the transduc-
ers. Let a plane wave be incident at an arbitrary angle 91• It can be easily shown [1] that the 
input acoustic impedance of jth layer (j = 1 to 7) is given by; 
(1) 
where 
and 
poCo 
Zj = _J_J_ 
cos 9j 
kj sin 9j = kj +1 sin 9j +l 
where Zj is the acoustic impedance of j'h layer, P j is the corresponding mass density, Cj is the 
propagation velocity, 9j is angle of incidence and kj is the complex wave vector. 
Using plane-wave analysis and the appropriate boundary conditions of continuity of pres-
sure as well as impedance at the boundary of each layer, it can be shown that the transmission 
coefficient of the system is given by: 
_ Atrans _ 6 (j) 0 + Z ) iljA 
Tsystern - A - II (Zinput + Zj)/(Z{nput j+l e (2) 
inc j=1 
If we assume that a debond area or delamination consists of air, then since Pair:::: 0, con-
sequently Z3 = 0 implies Zi~put = 0 which give A3/A4 = O. Similarly for a debond at layer 
# 5 would give As/A4 = O. Physically this implies that if there is a debond in layer 3 or 5, the 
incident energy from the previous layer is essentially reflected back, giving 
1 Water 
2 Steel 
6 Polyethylene 
x 7 Water 
Fig. 1 - Layers of the adhesively bonded rings. 
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T oyotern = 0 (3) 
But under compression, if the thickness of a layer dj - 0, then from equation (1), 
zJj) = Z·U-I) 
mput IDput 
This implies that for a delamination under compression d 3 and/or ds - 0, Zi~put = Zi~J..t' 
which physically implies that (since d 3 = 0), layer # 3 is just not there, giving Toyotem > 0 and 
log T oyotern = - 00 (lightly shaded areas in the images). It has also been observed [3] that for 
delamination gaps > 0.3 p., Toyotem = 0 whereas for gaps < 0.1 p. 
o < Toyotem < 1 (5) 
Thus for compressive loads, the gap walls "kiss" and the transmission coefficient can be 
greater than zero, though no tensile loads can be transmitted across such delaminations. We 
will be addressing to the solution of this problem under the results and discussion section. 
EXPERIMENTAL 
Specimens used for this study are listed below: 
(a) Cylindrical Laminate Rings, with dimensions shown in Table 1. 
(b) Several trial specimen laminates constructed of glass/rubber/glass and 
polyethylene/rubber/steel steps with intentionally fabricated areas of debonds. 
(c) Compressive specimen laminates constructed from steel/rubber/steel (see Fig. 2). 
This laminated rubber disk could be compressed by applying torque on each of the 8 
bolts. 
For determination of delamination, a transmission ultrasonic NDE technique, illustrated in 
Fig. 3, was used. A broadband pulse is used to excite a 10 MHz transducer. IDtrasound is 
transmitted through the layered structure and is received by another properly aligned matched 
transducer. The transmitting and receiving transducers are fixed relative to each other and scan 
together in the (X, Z) plane. The rings were centered on a tum table and rotated in the 0 direc-
tion. The inner transducer was used as transmitter, transmitting along the radius vector. The 
curvature of the inner steel laminate produces a slight focusing effect, thus slightly increasing 
the spatial resolution. The receiving transducer was placed as close to the outer layer of the 
laminate as is possible. The first received rf signal is displayed on a monitor scope. The peak 
detected received signal (transmitted amplitude) as a function of (Z, fJ) is digitized, stored on a 
magnetic tape and is used to display digital graphical image of the unwrapped cylindrical sur-
face. This image is used to depict delaminations and variations in bond thickness. For certain 
specimen (b & c), samples were held fixed and (X ,Z) scans of the transmitted energy were 
made and digitally imaged. 
Table 1 - Typical Dimensions (inches) 
Thickness of each Dimensions of Structure 
Ring Laminate 
Class Polyethylene Inside Outside 
Rubber Steel Diam. 
Height 
Diam . 
A .313 .202 . 248 4.248 1.760 5.771 
B .430 .285 .320 8.520 4.002 6.450 
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Fig. 2 - Jig used for studying del~nations of specimen under compressive loads. 
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Fig. 3 - Experimental arrangement. 
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RESULTS AND DISCUSSION 
Figure 4a shows the digitized image of the transmitted pulse as a function of cylindrical 
coordinates (Z, 8) through a cylinder with no interfacial delaminations. The maximum digitized 
value of the peak detected transmitted pulse is 255 and is nonnalized to 0 dB. The calibration 
of the data is shown in the legend given in Fig. 4a. We demonstrate that the variation in the 
material properties of each laminate is insignificant as compared to the variation caused by the 
debondsl delaminations. The isolated slight variations in amplitude are probably due to slight 
variations in material properties of the laminates. However, there is drop in transmitted ampli-
tude greater than 20 dB for another cylinder, (Fig. 4b), as depicted by light areas. We believe 
that this is due to debond. A dissection was perfonned on this ring and the rubber was 
removed layer by layer. Figure 4c shows the photographic image of polyethylene-rubber inter-
face. Each segment in Fig. 4c represents 20° section from 0° - 360°, and as is clear, there is a 
debond area between rubber-polyethylene interface as indicated by white area. Comparing 
Figs. 4b and 4c, one can see remarkable agreement between ultrasonically determined (nondes-
tructive) debonded areas and actual delaminations detected upon autopsy. In order to validate 
our data and analysis further, two sets of step specimens were also imaged. The specimen 
(marked as with defects) did show delaminations at the rubber-polyethylene interface and steel-
rubber polyethylene step specimen. Compared to these variations of almost 25 dB, the varia-
tions in amplitude of the transmitted signal was less than 1 dB in each individual laminate and 
less than 2 dB in adhesively bonded poly-rubber or poly-steel specimens (Figs. 5) . 
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Fig. 4b - Digital image of transmitted signal through a ring with suspected areas of debonds. 
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Having understood the effect of delaminations on the digital image of transmitted ultra-
sonic signal, we proceeded to study the effect of compression on the signal from bonded and 
unbonded regions. For this purpose, we used the specimen shown in Figure 2 and studied the 
variations in the amplitude of transmitted energy as a function of (X ,Z). The black region (Fig. 
6a) shows good adhesive bonds at the interface whereas the left regions in the figure correspond 
to unbonded areas. As the sandwich rubber is compressed by applying a torque of 20 ft-Ib, the 
air gap reduces, thus increasing the transmitted signal further, as is obvious from darkening of 
the two regions. We observed that for a torque of 25 ft-Ib on each bolt, the increase in the 
transmitted signal from the unbonded regions (due to d - 0) became comparable to the value 
of the signal from the bonded regions. The signal from bonded regions was set at a level 
slightly below saturation (Fig. 6b). Under such compressive loads, due to saturation of the 
receiver, the signal from the bonded regions (which also increases slightly since the thickness of 
rubber decreases) cannot be differentiated from unbonded regions. Such situations can lead to 
misleading conclusions as to the integrity of the bond. To overcome this, the maximum 
Fig. 4c - Photographic image of the delamination between rubber-polyethylene interface. 
received signal from the scanned regions must be in the linear dynamic scale of the amplifier . 
. When the received signal is renormalized to accommodate such a case, the digital image of the 
steel-rubber-steel interfaces looks like as shown in Fig. 6c. We like to make several observa-
tions. Under compression, the shear strain on the rubber appears to partially debond the previ-
ously bonded regions. The unbonded regions (left half) are clearly distinguishable from the 
partially/fully bonded regions on the right. There is an apparent, but not complete lack of one-
to-one correspondence of the bonded regions in Figs. 6a and 6c. This is due to the fact that we 
are scanning a square region out of a circular specimen -- a slight disorientation during data 
acquisition between these two cases would lead to such an anomaly . However, it is clearly 
demonstrated from Figure 6c that it is possible to distinguish between bonded and unbonded 
regions, even when the layered structure is under compression. 
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Fig. 5a - Ultrasonic image of steel-robber-polyethylene of step specimen (no defects). 
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Fig. 5b - Ultrasonic image of steel-robber-polyethylene step specimen with artificially intro-
duced debonds at interfaces. 
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Fig. 6a - Transmitted signal through steel/rubber/steel layers. A portion of rubber is bonded 
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Fig. 6b - Effect of compressive loads on the debond area. For very thin delaminations gap, 
transmitted signal is not zero, but approaches to value that of bonded areas. 
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Fig. 6c - Appropriate signal processing can distinguish between unbonded, partially bonded 
and bonded regions. 
SUMMARY 
In this paper we have demonstrated that it is possible to image the effect of interfaces in 
the adhesively bonded laminates of uniform material properties. We have also illustrated how 
one properly detects gaps at the interfaces of such components when they are under compres-
sion. 
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